incident waves. Use of multiple FSS layers to achieve wide transmission response is a common approach [9] [10] [11] . This makes the structure unsuitable for planar applications due to increase in its overall thickness.
However, loop type FSSs are highly investigated due their wideband response. Square Loop type FSSs have been analyzed and synthesized using several techniques [12] [13] [14] . A wide stop-band cascaded frequency selective surface by using koch fractal elements is proposed in [15] . In this, wide stop band is achieved by cascading two FSS screens of 1.27mm thick each, with an air gap of 2mm, which increases its overall thickness. Similarly, a wide stop band FSS is presented in [16] . It is a single layer design, but the substrate used is of large thickness (3.2 mm), which limits its use for planar applications. A thin, compact, symmetric and ultra-wide stop band FSS is proposed in [17] but it covers only 3.5 GHz of (-20db transmission) bandwidth in ultra-wide band range. Another wide stop band FSS design has been proposed in [18] .
However, it is polarization insensitive but its substrate thickness is large and its -20dB transmission bandwidth is almost nil. A compact, ultra wide band square loop FSS has also been proposed in [18] . It covers 8 GHz of -20db transmission bandwidth, but it lacks in rotational symmetry which makes it sensitive to incident wave polarization and its center frequency varies w.r.t different incident angles.
In this paper, a compact and polarization insensitive FSS, with a wide stop band characteristics has been designed. Periodicity of the unit element is nearly 0.33λ 0 . The design has rotational symmetry which helps to achieve polarization insensitivity. Thickness of the proposed FSS is 0.045λ 0 at center frequency of 8.56GHz, which is much smaller than the conventional multilayer FSS. Proposed FSS can be used for bandwidth enhancement of antennas, as reflecting surface and microwave shield for C and X bands. All analysis has been carried out using the Ansoft's HFSS v.14. A prototype of the proposed FSS is fabricated on both sides of dielectric FR4 (ε r = 4.4).
The presented paper is organized as follows: Section II describes the theory of operation and FSS design.
Section III outlines the simulation results with parametric analysis of the FSS and in section IV experimental verifications are outlined with a comparison with simulation results. In section V the work is summarized in a brief conclusion.
DESIGN & SIMULATION
The unit cell of the proposed FSS is shown in Fig. 1(a) . Initially, a single square loop FSS has been formed and then we modify the design proposed in [18] and made a rotational symmetric structure to achieve polarization insensitivity. It consists of top and bottom metallic layers of a 2-D periodic array, of modified square loop patches as illustrated in Fig. 1(b) . The overall size of the single unit cell is 11.5mm × 11.5mm, which is equal to 0.33λ 0 . The optimized dimensions are L = 6mm, L 1 = 4mm, L 2 = 3.5mm, W = 2.5 mm and W 1 = 1 mm. The overall thickness of structure is 1.6 mm. For achieving compactness, the conventional square loop type FSS structure is modified by cutting the slots of the size W 1 × L 1 symmetrically. The slot cutting increases the current path. The surface current distributions of the conventional and proposed FSSs for their transmission null frequencies are shown in Fig. 2(a) and Fig. 2(b) , respectively. It is observed that the cutting of slots results meandering in the path as compared to a normal conventional square loop and the currents has travel longer paths. Due to this increase in current path the proposed FSS exhibits lower resonance frequency in comparison to the conventional square loop as shown in Fig. 3(a) . Proposed FSS provides two transmission nulls 'f 1 ' and 'f 2 ' of 5.0 and 9.67 GHz respectively with -20dB transmission bandwidth of 7.7 GHz. The simulated phase response has also been investigated as represented in Fig. 3(b) .
The phase changes linearly over the wide stop band exhibited by the proposed FSS. This linearly decreasing phase makes it useful for its potential application in pulsed systems [19] . 
EQUIVALENT CIRCUIT ANALYSIS
The equivalent circuit method is used to understand the basic theory of operation of the proposed design.
Equivalent circuit is shown in Where µ 0 is the permeability of the free space, µ r is the relative permeability of dielectric substrate, 'h' is the height of the dielectric substrate, ε 0 is the permittivity of free space, ε r is the relative permittivity of the dielectric, 'p' is the periodicity, 'W' is the width of the loop, 'g' is the gap between two unit elements and 'd' is the dimension of square loop. G 1 (p, W, λ) and G 2 (p, g, λ) are correction factors. From the equations,
(1) to (6) the values of the lumped parameters are calculated and given in Table I . The simulated value of first resonance frequency (f 1 ) is 5.0 GHz. The first and second resonance frequencies are calculated by using methods as suggested in [18] . The first resonance frequency (f 1 ) is calculated as:
L D and C D are the inductance and capacitance of the dielectric substrate respectively. The calculated value of first resonance frequency 'f 1 ' is 5.12 GHz which is very close to the simulated value. The second resonance frequency 'f 2 ' of the proposed FSS design depends upon 'W', 'L 1 ' and 'W 1 '. The second resonance frequency has been evaluated by formulation of an equation through the use of curve fitting as: In order to get better physical insight and to investigate the contribution of different geometric dimensions in wideband response the parametric analysis of the proposed FSS has been done. The simulated transmission response for different value of 'W' is shown in Fig. 6(a) . It is observed that as the width (W) increases second resonant frequency greatly affected and shifts towards higher value thereby enhances the bandwidth.
The maximum bandwidth achieved is 9.32 GHz for 'W' equals to 2.75 mm from 4.79 to 14.11 GHz, which is 98.62% corresponding to the center frequency of this range. However, the increase in width (W) above 2.50 mm (optimized value) results increase in bandwidth, but it shifts the second resonant frequency to a higher value which further disturbs the compactness of the proposed design. Transmission response for different values of the slot width (W 1 ) is shown in Fig. 6(b) . It is observed that as the slot width increases second resonant frequency shifts towards lower value due to increase in effective inductance and causes the decrease in -20dB bandwidth. The optimized value of W 1 is 1 mm. The effect of slot length (L 1 ) on the transmission response is shown in Fig. 6(c) . It can be observed that as the slot length increases, there is no variation in first resonance frequency but the second resonance frequency increases slightly which further increases the bandwidth and the optimized value of L 1 is found to be 4 mm. 
EXPERIMENTAL VERIFICATIONS
In order to experimentally measure the performance of the proposed wideband FSS structure an array of 17 × 17 elements has been fabricated as shown in Fig. 7(a) . For the measurements of transmission response (S 21 ) two double ridge ultra-wide band horn antennas (1 to 18GHz), connected to Agilent's Vector Network
Analyzer (VNA) model N5222A are used. One of the horn antennas is used as a transmitter and the other as a receiver. At first, in order to calibrate the test setup S 21 is measured by placing the two antennas in front of each other at a distance of nearly 1.2 meters. Then measurement of S 21 was performed by placing fabricated prototype of FSS in between the two horn antennas as shown in Fig. 7(b) . The difference between the two measured results gives rise to actual transmission response of the fabricated FSS structure. The measured and simulated transmission responses for normal incidence are shown in Fig. 8 . It is observed that measured response follows the simulated response quite well. The polarization insensitivity of the fabricated design is tested by measuring its transmission response for different azimuthal angles (ϕ) as shown in Fig. 9 . In order to measure polarization response, the fabricated structure is rotated about its axis from 0 0 to 90 0 in the steps of 30 0 . It is observed that similar to simulated response the measured transmission response remains same for all polarization angles (ϕ), which proves polarization insensitivity of the proposed FSS structure. Fabricated prototype is also tested experimentally for oblique incidences by rotating transmitting antenna around the circumference of a circle whose radius is equal to the distance at which near field effects are observed to be minimum. The experimental results for different oblique incidence angles are shown in Fig. 10 . It is observed from simulated and measured results that second resonance frequency almost remains unvarying even for large angles of incidence. respectively. The proposed FSS has wide stop band (transmission response < -20dB) of 7.7 GHz, which covers both C and X band. Equivalent circuit of the proposed design is presented and resonance frequencies are calculated to validate their values in comparison to simulated ones. The performance of the proposed FSS design is investigated for its various dimensional parameters to find best optimal solution. The fabricated prototype is experimentally tested for normal as well as for oblique angles of incidence wave. Table V . It is observed that the proposed FSS is compact and provides large percentage bandwidth as compared to [15, 16] . However, the designs presented in [18] and [21] exhibits more percentage bandwidth but the proposed design is polarization insensitive as compared to [18] and is more compact in size as compared to [21] . These features make it suitable for various potential applications such as RCS reduction, pulsed systems, electromagnetic shielding, spatial filtering, sub -reflector in antennas etc. 
